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Unconventional Ferromagnetic Transition inLaj—,Ca,MnOj3
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Neutron scattering has been used to study the magnetic correlations and long wavelength spin
dynamics of La_.CaMnOs in the ferromagnetic regimé0 = x < %). For x = % (Te = 250 K)
where the magnetoresistance effects are largest the system behaves as an ideal isotropic ferromagnet at
low T, with a gaples§<0.04 meV) dispersion relatiolE = Dg?> andD7;—, = 170 meV A2, However,
an anomalous strongly field-dependent diffusive component develops afft®eK and dominates the
fluctuation spectrum a6 — T¢. This component is not present at lower [S0031-9007(96)00221-9]

PACS numbers: 75.40.Gb, 75.25.+z, 75.30.Ds, 75.30.Kz

The magnetic properties of the doped LaMn€@ass the BT-9 triple-axis spectrometer, with pyrolytic graphite
of materials have been under very active investigatioomonochromator, analyzer, and filter. The incident en-
recently because of the dramatic increase in the conduergy was chosen to b&3.7 meV, and horizontal colli-
tivity when the spins order ferromagnetically by either mations of 12’-11’-12/-16’ full width at half maximum
lowering the temperature or applying a magnetic field(FWHM) were used. The use of polycrystalline samples
This huge increase in the carrier mobility originates fromhas the distinct advantage that powder diffraction and pro-
a metal-insulator transition that is closely associated witHile refinements, which establish the oxygen content and
the magnetic ordering. The largest effect is found forprovide detailed crystallographic parameters, may be per-
the calcium-doped system, and therefore initially we havdéormed on the same samples. Presently, we have carried
concentrated on bulk La,CaMnO; materials [1]. We out measurements for Ca-doped polycrystalline samples of
find that the system is ferromagnetic for< 0.5, includ- x = 0, 0.15, 0.175, 0.33, 0.44, and0.5 made by the usual
ing the undoped sample, in agreement with recent resolid state reaction technique. Our crystallographic stud-
sults for this material [2]. For the = % doping, where ies reveal that there can be orthorhombic, rhombohedral,
the magnetoresistance anomalies are largest [3], we firghd monoclinic phases in this range of doping both as a
that at low T the magnetic system behaves asid@gal  function of temperature and as a function of doping, and
isotropic ferromagnet. At elevated temperatures, howthese three phases represent subtle structural distortions of
ever, a quasielastic component to the fluctuation spedhe basic perovskite structure. We also observe anomalies
trum develops for thex = % doping, and becomes the in the lattice parameters and structures that are associated
dominant spectral weight & — Tc. This behavior is in ~ With the magnetic ordering, as has recently been reported
stark contrast to the conventional behavior observed folb]. However, we believe that these distortions do not by
isotropic ferromagnets and the Ca-doped materials awaij)emselves strongly influence the basic spin dynamics, and
from x = % . The width of this scattering is propor- We Will discusslthe crystallography in detail elsewhere [6].
tional to ¢2, indicating that it represents spin diffusion. ~ For thex = 3 (7. = 250 K) material that is of primary
The correlation length, on the other hand, is anomalousljnterest here the crystal structure is orthorhomisiorGg
small (~10 A) and On|y Weak|y temperature dependent_over the entire range of the temperature and field we
These results suggest that this quasielastic componefR@ve explored, while for temperatures well bel@wthe
is associated with the electrons becoming localized ofnagnetic system behaves as an ideal isotropic ferromagnet.
the Mr** /Mn** lattice, and it is this spin diffusion that Thus, in the long wavelength (hydrodynamic) regime,
drives the ferromagnetic phase transition rather than ththe magnetic excitations are expected to be conventional
thermal population of conventional spin waves. spin waves with a dispersion relatidgh= A + D(T)q?,

The diffraction, small angle neutron scattering, andwhere A represents the spin-wave energy gap and the
inelastic experiments were all carried out at the NISTspin stiffness coefficienD(T) is directly related to the
research reactor. Because the long wavelength spin dgxchange interactions [7]. Figure 1(a) shows a typical
namics turn out to be approximately isotropic, inelasticmagnetic inelastic spectrum collected280 K and wave
measurements on polycrystalline samples may be made irector ¢ = 0.07 A~!'. A flat background of 9 counts
the forward scattering direction [i.e., around the (000) replus an elastic incoherent nuclear peak of 647 counts,
ciprocal lattice point] without loss in generality [4]. All measured at4 K, have been subtracted from these data.
the inelastic measurements reported here were taken a&fle see that the spectrum is dominated by spin waves
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that is quite large, as might be expected for an itinerant
electron system [10].

As we raise the temperature towar@g for a con-
ventional ferromagnet that exhibits a second-order phase
transition, we expect the intensity of the spin-wave
scattering at eacly to increase rapidly as the thermal
population increases according to the Bose factor. This
thermal population effect is further enhanced because of
the renormalization (softening) of the spin-wave energy,
with D(T) expected to exhibit power law behavior and
D(T — T¢) — 0. The datain Fig. 2(a) show that the spin
08 06 04 02 0 02 04 06 08 waves do soften with increasing temperature. However,

Energy (meV) they do not collapse a& — T¢, with D(T¢) only about
half of its low temperature value. The measured (Bragg
peak) magnetization as a function of temperature is shown
in Fig. 2(b) for comparison. This is rather typical of a
magnetization curve, and givdgs = 250 K. However,
the data are not the same on warming and cooling, but
exhibit an irreversibility of5 K.  This irreversibility
clearly demonstrates that the magnetic transition is not a
continuous, second-order transformation. We also found
that in the ordered phase the time scale for the magnetic
intensity to equilibrate is significan{~10-20 min),
which provides further evidence that the paramagnetic
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vector of 0.07 A~!. The spectrum is dominated by the spin
waves in energy gaifE < 0) and energy lossE > 0). (b)
Quadratic spin-wave dispersion relation with a negligible spin-
wave gap, as expected for an isotropic ferromagnet.

100 B

D(meV-A2)

observed in energy gaitt < 0) and energy los&E > 0).
Similar data were obtained at a series of wave vectors
and temperatures, and Fig. 1(b) shows the measured spin-
wave dispersion relation at two different temperatures.
We see that the dispersion relation is indeed quadratic in 0 : L : :
g. At low temperature the widths of the spin waves are 38
solely instrumental in origin, and this demonstrates that the
dispersion relation is indeed isotropicgn any significant
anisotropy would reveal itself as an apparent intrinsic
linewidth in these powder measurements [8]. This isotropy
in the dispersion relation indicates that the net exchange
interactions do not depend on the direction in the crystal
to a good approximation. We also note that any spin-wave
gapA is too small(<0.04 meV) to be determined in these S ]
measurements, which is consistent with high resolution 05 ¢ % ]
measurements on a Sr-doped single crystal [9]. The energy 00 . . . . Lo ]
gap A may be simply interpreted as the cost in energy 0 80 100 150 200 250 300
to perform a uniform rotation of all the spins from the Temperature (K)

easy spin direction in the crystal into a “hard” direction. FIG. 2. (a) Spin stiffness coefficieit in E = Dq? as a func-
The very small value oA in the present system indicates tion of temperature. D does not vanish at the ferromagnetic

that this is a “soft” ferromagnet, comparable to very softiransition temperature, in contrast to the behavior of a conven-

] tional ferromagnet. The solid curve is a guide to the eye. (b)
amorphous ferromagnets [4]. Finally, we note that the IOV\f\/lagnetization versug’ obtained from Bragg scattering. The

temperature value of the spin stiffness constaii®) iS  data appear continuous and indicate ~ 250 K, but the scat-
~170 meV A%, This gives a ratio ofD/kTc =~ 7.9 A2  tering is not reversible on warming and cooling.
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— ferromagnetic transition is not continuous. At lower well as from preliminary small angle scattering (SANS)
x we did not observe these long time scales, and theneasurements, we obtain a very short length scale of
irreversibility in the data was onlg K or less. ~12 A at this temperature. The SANS data also reveal
The spin dynamics associated with the phase transitiothat as7 — T¢ from high T the correlation lengtl€ is
for x = % are also anomalous as shown in Fig. 3, whereonly weakly temperature dependent and does not diverge,
we have plotted the magnetic scatteringat 0.07 A~!  with 7. ~ 10 A, The short length scale and weak
for temperatures 025 and 235 K. These data were temperature dependence suggests that this quasielastic
taken with the same instrumental conditions as the dat&cattering originates from electron diffusion on the Mn
shown in Fig. 1(a) and may be directly compared. Atsublattice.
225 K we see that the spin waves have softened somewhat We now turn to the temperature dependence of the
in energy (shifting toward& = 0), but the most dramatic intensities of scattering as shown in Fig. 4(b). We see
change is the appearance of a quasielastic componeiftat the spin-wave intensity does start to increase with
comparable in intensity to the spin waves. 235 K  increasing temperature as expected, but abe260 K
the spin waves clearly renormalize to lower energieshe nature of the spin dynamics begins to change. In
(and broaden), but the central peak now dominates thparticular, asT — T¢ the spectral weight for the spin-
fluctuation spectrum. For typical isotropic ferromagnetswave excitations actually starts wecrease while the
such as Ni [11], Co [12], Fe [13], or amorphous materialsweight for the spin-diffusion component rapidly increases.
[4], any quasielastic scattering beld is too weak and This spin-diffusion component strongly dominates the
broad to be observed directly in the data, and can only b8uctuation spectrum neafc, in marked contrast to
distinguished by the use of polarized neutron techniquesonventional ferromagnets. We have also found that the
[14]. This is also the case for smaller concentrations of

Ca where we have investigated the dynamics. La, ¢,Ca, ;,MNO,

The data in Fig. 3 show that the observed width of 5.00 : : :
the central peak is broader than the spin waves, and this ]
indicates that there is an intrinsic width to the quasielastic 400 ]

scattering. The shape of the scattering can be fit rather
well by a Lorentzian line shape for all three peaks, and
Fig. 4(a) shows the deconvoluted energy widthfor

the quasielastic peak as a function gfat T = 240 K.

The quadratic dependence gn(I" = Ag?) demonstrates
that this scattering originates from a diffusion mechanism
[7], with an effective diffusion constamt = 30 meV A

at this temperature. The dependence of the energy-
integrated intensity provides a measure of the associated
length scale for this diffusion, and from these data, as
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08  -06 04 02 ° 0.2 0.4 06 0.8 scattering a240 K. The quadratic dependence grindicates
Energy (meV) that this scattering originates from spin diffusion. (b) Integrated

intensities versus temperature for the spin waves and spin-

FIG. 3. Inelastic spectrum at225 and 235K for diffusion scattering at0.09 A~!. The spin-wave intensity

g =007 A", The spin waves soften in energy with actually decreases & approachedc, while the quasielastic

increasing temperature, but the dominant effect is the develscattering becomes an order of magnitude stronger than the

opment of the strong quasielastic scattering component in thepin-wave scattering. AbovE., all the scattering in this range

spectrum. of ¢ is quasielastic.
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spectral weight for this spin-diffusion component can be *Also at the University of MarylandCollege ParkMD
shifted back into the spin waves by the application of 20742

magnetic fields of a few tesla, which is the field regime [1] For references to some of the earlier literature, see, for
associated with the colossal magnetoresistance effects [3]. €xample, G.H. Jonker and J.H. Van Santen, Physica
The appearance of this quasielastic scatteringrfer (Amsterdam) 16, 337 (1950); 19, 120 (1950); E.O.

. ! - -~ Wollan and W.C. Koehler, Phys. Re%00 545 (1955);
contrasts with the behavior we find at= 0.15, 0.175, C. Zener, Phys. Re81, 440 (1951):82, 403 (1951); J. B.

for example, where the magnetic fluctuation spectrum Goodenough, Phys. Re¥00, 564 (1955); P.W. Anderson
below T¢ is dominated by spin-wave excitations and it and H. Haseéjawa, Phys. Rek00, 675 (1’955)_

is difficult to discern any distinct quasielastic component [2] p. Schiffer, A.P. Ramirez, W. Bao, and S.-W. Cheong,

(as in conventional ferromagnets). Phys. Rev. Lettl8, 3336 (1995).
It is therefore clear that this ferromagnetic phase transi-[3] S. Jin, T.H. Tiefel, M. McCormack, R.A. Fastnacht,
tion in thex = 5 material is not driven by the thermal ex- R. Ramesh, and L.H. Chen, Scien2é4, 413 (1994);

citation of spin waves as for a conventional ferromagnetic ~ S- Jin, M. McCormack, T.H. Tiefel, and R. Ramesh,
phase transition, but rather is driven by this spin-diffusion ___ J- APPI. Phys76, 6929 (1994). .
mechanism. The short length scale associated with thid#] FOr @ recent review of the experimental technique and
diffusion suggests that this component originates from the measurements in amorphous ferromagnets, see J. W. Lynn

. X i ) and J.A. Fernandez-Baca, ifthe Magnetism of Amor-
4+ )
electronic hopping from site to site on the MyMn**. phous Metals and Alloysedited by J. A. Fernandez-Baca

The strong enhancement of this component of the mag-  and w-Y. Ching (World Scientific, Singapore, 1995),
netic fluctuation spectrum for where the colossal mag- Chap. 5, p. 221.

netoresistance effects are observed provides a direct link5] P.G. Radaelli, D. E. Cox, M. Marezio, S-W. Cheong, P.E.
between the ferromagnetic phase transition and the metal-  Schiffer, and A.P. Ramirez, Phys. Rev. Lef5, 4488
insulator transition associated with the electronic diffusion ~ (1995).

and localization that occur in the same temperature and6] Q. Huanget al. (to be published).

field regime. A straightforward interpretation of the data [7] B-!- Halperin and P.C. Hohenberg, Phys. R&88 898

is that the spin-wave excitations and spin-diffusion com- (1969);18§ 952 (1969). . 1

ponent coexist, with a uniform magnetization throughout [8] Indeed, at doping concentrations less thar- ; we do

. . observe some significant linewidths at low temperature.
the sample. Another interpretation of our results, though, [9] L. Vasiliu-Doloc (private communication).

is that the system is inhomogeneous, consisting of tW?lO] This is identical to Ni, for example. See Ref. [11].

distinct phases. The phase preferred at [Bvfor high  [11] v.J. Minkiewicz, M.F. Collins, R. Nathans, and
H) is an ordered ferromagnet with metallic conductiv- G. Shirane, Phys. Re82, 624 (1969).

ity, a finite magnetization, and well-defined spin waves[12] C.J. Glinka, V.J. Minkiewicz, and L. Passell, Phys. Rev.
[D(Tc) ~ %D(O)], while the highT phase is a paramagnet B 16, 4084 (1977).

where the electrons diffuse on a short length scale. As thE3] M.F. Collins, V.J. Minkiewicz, R. Nathans, L. Passell,
temperature is increased towarfis the fraction of these and G. Shirane, Phys. Re¥79, 417 (1969).

two phases would then change as the ferromagnetic phabi#! The quasielastic scattering found in ordinary ferromag-
converts to the paramagnetic phase in a discontinuous fash- nets torlglnatfhs frc:':” th?S” glr?nglttudmal) quctuaU?tn .
ion. We tend to favor this latter interpretation since it is spectum rather than from the (transverse) scattering

| . ith the latti i d i associated with the spin-wave operatd#$,S—, while
also consistent with the lattice anomalies and magnetic Ir- ;- field-dependent inelastic scattering results  for

reversibilities we have observed for= % However, in Lay.¢7Ca33MnO; show that the quasielastic scattering has
the smallg regime explored in the present measurements  both transverse as well as longitudinal character. For a
we do not see any direct evidence in the dynamics of the recent discussion of this point, see J. W. Lynn, N. Rosov,
coupling of the magnetic system to the lattice [15]. M. Acet, and H. Bach, J. Appl. Phyg5, 6069 (1994).
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